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Dowels are used in jointed concrete pavements to provide load transfer and improve 
performance. Misaligned dowels could cause poor joint performance that would lead to 
pavement distresses. An approach to detect misaligned dowel bars in concrete pavements 
using GPR is proposed. The paper addresses all forms and combinations of dowel 
misalignment. Equations were developed to identify each misalignment type, and statistical 
analyses were performed on major categories for the entire project. A decision on the 
acceptance or rejection of a dowel bar, a joint, or a pavement section, can be made based 
on the results of the computations and speciﬁed tolerance values.
© 2014 Elsevier Ltd. 
1. Introduction
US Route 64 is an east–west highway that runs from eastern North Carolina to southeast of the Four Corners area in 
northeast Arizona. In New Mexico, US Route 64 runs through the cities of Farmington, Taos, Cimarron and Raton. As it 
runs through Raton, it is co-signed with US Route 87. Recently, a section of US Route 64/87 between Clayton and Raton in 
Union County was expanded and widened to four lanes using jointed plain concrete pavement. The as-constructed concrete 
pavement is approximately 20 km long and 10 m wide. Close to 115,000 dowel bars and more than 54,000 tie bars were 
placed in the concrete pavement at the transverse joints and longitudinal joints, respectively.
A few months after construction was completed, a few dowel bars and tie bars were observed at the surface of the 
concrete pavement. Pavement distresses including slab cracking, spalling and joint faulting appeared in some locations as 
well. These distresses are typically caused by the misalignment of dowel and tie bars that occur during installation. Ground 
Penetrating Radar (GPR) [1] was conducted to detect any misaligned or misplaced dowel bars or tie bars.
Several non-destructive testing (NDT) devices are currently used to measure dowel and tie bar alignment in concrete 
pavement joints. MIT Scan-2, a magnetic imaging tomography scanner [2], and GPR are the most popular NDT devices 
for eﬃciently and accurately measuring the position and alignment of dowel bars [3–6]. Dowels are placed in the joint 
prior to, or during the paving operation, using dowel baskets or mechanical dowel bar inserters. The use of pre-placed 
dowel bars in metal baskets interferes with MIT Scan-2 results; therefore, GPR was selected to be used in this project to 
evaluate bar alignment. Very few studies reported the use of GPR to identify dowel and tie bar misalignments in concrete 
pavements. Rister and Graves surveyed approximately 6 lane miles of Portland-cement-concrete pavement to evaluate the 
position and alignment of dowel and tie bars [5]. They indicated that 0.33% of the dowels tested were found misaligned, and 
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no tie bars were vertically translated or missing. Stryk et al. performed laboratory tests on concrete slabs and then in-situ 
measurements on pavement sections that were under construction [6]. They reported several anomalies in the position of 
built-in dowel and tie bars.
In the US, different states have adopted different standards with respect to dowel bar alignment and positioning tol-
erances [3]. Many states have adopted the Federal Highway Administration (FHWA) recommended limits for rotational 
alignments of 20.83 mm per meter. A short review of dowel bar tolerances is provided in the next section of this paper.
2. Dowel bar tolerances
The thickness of the concrete slab as designed was 203.20 mm and dowel bars were placed 101.60 mm below the 
concrete surface, parallel to the edge of the pavement and to the pavement surface, and centered over the transverse 
contraction joint. Fig. 1 illustrates the dowel bar placement along US Route 64/87.
Dowel bars are considered misaligned if their placement deviates from the desired position. Five types of dowel bar 
misalignments are reported and described in [7]. These include translational and rotational misalignments. The translational 
misalignment (horizontal translation, side shift and depth error) affects the effectiveness of individual bars in performing the 
intended function, while rotational misalignment (horizontal skew and vertical tilt) affects free joint movement. Improper 
placement may not only reduce dowel bar effectiveness, but also contribute to pavement spalling and cracking. See Fig. 2.
The 457.20 mm long dowel bars were placed at the locations of transverse contraction joints prior to the placement of 
concrete using manufactured dowel baskets as shown in Fig. 1. The ﬁgure also shows the locations of the tie bars along the 
longitudinal joints, between dowel baskets. Tie bars are 762 mm long and have a diameter of 15.88 mm. Dowel and tie bars 
are considered misaligned if they were improperly placed during installation or if they were displaced from their required 
position during the paving operation.
Highway agencies specify dowel alignment tolerances to prevent joint malfunctions caused by dowel misalignment. Yu 
and Tayabji consider horizontal translation as the least critical type of misalignment since it does not cause major distresses 
[8]. However they believe the main concern with vertical translation is the amount of concrete cover. The typical minimum 
cover requirement is 76.20 mm. insuﬃcient cover could cause spalling or dowel bar corrosion. The speciﬁcation adopted by 
most states is to place dowel bars at mid-slab depth. On the US Route 64/87 project, dowel bars were placed at mid-slab 
depth, 101.60 mm below the concrete pavement surface. Since the dowels have a diameter of 31.75 mm, their top was 
therefore at a depth of 85.73 mm. Longitudinal translation determines the length of the dowel bar embedded in the slab on 
either side of the joint. The embedment length is directly related to the load transfer eﬃciency of the dowel bars. According 
to a few studies reported in [8], a 101.60 mm embedment for 457.20 mm long dowel bars is suﬃcient to ensure full load 
transfer. The speciﬁcations on rotational misalignments range from 15.62 mm to 41.67 mm per meter, varying from state 
to state. FHWA recommendations for dowel placement tolerance for rotational misalignments are 20.83 mm per meter [9]. 
Best practices for dowel bar placement tolerances can be found in [9].
Under National Cooperative Highway Research Program (NCHRP), Project 10-69, Khazanovich et al. used MIT-Scan 2 to 
perform measurements on more than 35,000 dowel bars in 17 states to recommend guidelines for dowel alignment in 
concrete pavements. This study established acceptance and rejection tolerance criteria which are well described in [3].
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Fig. 3. GPR antennas crossing tie bars transversely, resulting in hyperbolic shaped images.
Fig. 4. GPR equipment used to collect data.
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3. Field testing
GPR was used to survey 3824 transverse joints and 35324.80 linear meters of longitudinal joints. The ﬁeld work was 
conducted from 11/27/2012 through 12/7/2012, for 80 hours on site. The pavement was dry and the temperature averaged 
10 ◦C during the surveys.
Two identical 1500 MHz antennas mounted in front of a three-wheeled push cart were used to survey the concrete 
pavement to a depth of 304.80 mm. The antennas were connected to a 2-channel control unit and meticulously lined up so 
that data collected from each side of the joint started and ended at the same locations for both channels (see Fig. 4). The 
spacing between the two antennas, center to center, was set to 279.40 mm. The distance measuring instrument (DMI) of 
the GPR system was calibrated in the ﬁeld so that the longitudinal locations of the received radar pulses were accurately 
recorded.
Fig. 3 is an example of data collected from a longitudinal joint on US Route 64/87 that shows the GPR image of the 
tie bars in both channels. The hyperbolic shape images of the bars are produced because the radiated antenna beam has 
a proﬁle of a wide cone. The hyperbolic shape reveals not only when the antenna is on top of the bar, but also when the 
antenna is approaching it and when it is moving away. The peak of the hyperbola is exactly where the tie bar is located.
It was important to use two perfectly lined-up antennas so that an offset was not created during data collection, pre-
venting signiﬁcant errors in the determination of the bar horizontal skew. Moreover, both data channels were collected, 
visualized and processed simultaneously, resulting in substantial reduction of workload. Using a single antenna to collect 
separate ﬁles from each side of a joint would cause erroneous data even when considerable care is taken.
4. GPR data processing
The data was processed using RADAN 7, window-based post-processing software, designed to allow users to select the 
processing functions that best ﬁt their application needs. The GPR scan of Fig. 5 shows a typical transverse joint on US 
Route 64/87 with 30 dowel bars divided into three groups of 11, 10 and 9 bars. The total pavement width is 10 m and 
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the longitudinal joint. The spacing between dowels was 304.80 mm, except for the two dowels at mid-joint that were 
152.40 mm apart.
Two main processing functions were performed on the GPR raw data. First, the position of the GPR proﬁle was vertically 
adjusted to bring the ground surface to the zero position to ensure a more accurate depth calculation. The data was then 
migrated. Migration calculates the signal velocity in concrete from the shape of the bar hyperbolic reﬂections. This is an 
accurate method that does not require knowing the target depth.
The velocity of the radar wave through concrete, v , varies in inverse proportion to the square root of the concrete’s 
relative dielectric constant εr [1,10].
v = C√
εr
(1)
where C = 3 × 108 m/s is the velocity of the radar wave in a vacuum.
The depth, d, to the top of the bar is calculated with the following formula [1,10]:
d = v × t
2
(2)
where t is the two-way travel time of the radar wave that propagates through the concrete and is reﬂected from the top 
of the bar. t is a measured parameter used in the bar depth calculation.
To conﬁrm the accuracy of the migration method in the calculation of the signal velocity, two bar depth measurements 
were performed in the ﬁeld. Two locations were ﬁrst scanned and the dowel bars located. Then, two 25.40 mm holes were 
drilled and the depth to the top of each bar measured. The GPR scan provided the two-way travel time t to each dowel 
bar.
Knowing the depth and the two-way travel time of the radar wave allowed the determination of the velocity and the 
dielectric constant (see Eq. (2)). The velocity in both locations is approximately the same and rounded to 0.96 × 108 m/s. 
The dielectric constant of the concrete, calculated using Eq. (1) is very close to the range of dielectric values provided by 
the migration method in RADAN. These values vary between 9.5 and 9.7, thus validating the accuracy of this method.
Fig. 6 provides the steps used to process the raw data, including vertically adjusting the ground surface to position 
zero, migrating the data to determine the appropriate dielectric constant, and “picking” the dowel bars to determine their 
horizontal and vertical locations.
5. Determination of misalignments and ﬁndings
The processed data was transferred to an Excel spreadsheet for additional calculation and misalignment parameter de-
termination. In order to determine dowel and tie bar misalignments, longitudinal distances x1 and x2 and vertical depths z1
and z2, as shown in Fig. 7, are needed. The spacing between the antennas is y2 − y1 = 279.40 mm. Antenna 1 was placed 
to the left of Antenna 2; therefore x1, y1, and z1 relate to data collected from the left side of the joint with respect to the 
direction of the survey, and x2, y2, and z2 represent data collected from the right side of the joint.
The horizontal skew and the vertical tilt are represented by variables s and t , respectively. These distance and depth 
differences are expressed in millimeters per meter. Using the Pythagorean Theorem as shown in Fig. 8, the horizontal skew, 
s, in millimeters per meter, is determined as follows.
s (mm/m) = 12(x2 − x1)√
(x2 − x1)2 + (y2 − y1)2
× 103 (3)
A similar equation is developed for the vertical tilt, t , in millimeters per meter.
t (mm/m) = 12(z2 − z1)√
(z2 − z1)2 + (y2 − y1)2
× 103 (4)
The vertical translation, based on the concrete cover at the end of the dowel bar that is closest to the surface of the 
pavement, is determined by the following formula, and expressed in millimeters. 
Concrete cover (mm) = Min(z1, z2) − A × |z2 − z1|
y2 − y1 (5)
where A = 88.90 mm for a 457.20 mm dowel bar and A = 241.30 mm for a 762 mm tie bar.
The spacing between dowel bars is typically 304.80 mm. If the spacing between two dowels in the same group (11, 10, 
or 9 bar group) is less than or greater than 304.80 mm, then the horizontal translation of the dowel bar is respectively 
represented by a negative or a positive number and expressed in millimeters using the following equation:
Horizontal Translation (mm) =
(
x1 + x2
2
)
i+1
−
(
x1 + x2
2
)
i
− 304.80 mm (6)
where “i” is the dowel bar number.
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Fig. 7. Dowel and tie bar misalignment determination.
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Fig. 9. Visualization of “longitudinal translation” and missing bars.
Fig. 10. Processed and picked data.
Longitudinal translation of dowel or tie bars, or insuﬃcient embedment, is a misalignment that GPR cannot numerically 
or mathematically quantify, but it can instead be observed, as shown in the GPR scan of Fig. 9. Longitudinally translated 
bars are only visible in one channel of the GPR scan. Bars are assumed missing if they do not appear in both channels (see 
Fig. 9 for missing bars).
Fig. 10 shows the processed data and the picked dowel bars. The bar misalignments are reported in an Excel spreadsheet 
for each dowel bar and for each tie bar.
Fig. 9 and Fig. 10 represent unprocessed and processed data for Transverse Joint number 2 at Station 2134 + 24 on US 
Route 64/87 WB. The testing was conducted from south to north. Three groups of dowel bars were expected to be seen in 
both channels (9, 10, and 11 bars in this order, from left to right in the ﬁgure). The group of 10 bars is missing and 8 out 
of 11 bars in channel 1 were longitudinally translated.
Joint number 2 is shown in Table 1 as an example of the ﬁnal results. Table 1 reports the joint number, the station 
number, the ﬁle number, the testing direction, and the weather conditions. The columns in the table report the dowel bar 
number, the measured data x1 (mm), x2 (mm), z1 (mm), and z2 (mm), and the following bar misalignment results:
– Horizontal Skew, s, in mm per m given by Eq. (3)
– Vertical Tilt, t , in mm per m given by Eq. (4)
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Ver. Tilt t
(mm/m)
Long. 
Transl.
Missing 
Bar
−0.46
−0.93
0.93
−0.46
0.93
0.93
−0.46
1.94
−2.86
X
X
X
X
X
X
X
X
X
X
12.85
−1.94
−2.86
X
X
X
X
X
X
X
XTable 1
Example of reported ﬁnal results.
TRANSVERSE JOINT EVALUATION – US Route 64/87 WB
Joint # 2 Station # 2134+ 24 File # 4 Testing Direction: N Weather: Dry, 15 ◦C
Dowel Bar # x1
(mm)
x2
(mm)
Hor. Transl. 
(mm)
Hor. Skew 
s (mm/m)
z1
(mm)
z2
(mm)
Con. Cover, 
(mm)
1 279.20 296.27 – 5.20 120.90 119.38 118.90
2 567.23 584.00 −16.92 5.11 106.68 103.63 102.66
3 888.80 905.87 16.92 5.20 99.06 102.11 98.09
4 1185.06 1202.13 −8.53 5.20 91.19 89.66 89.18
5 1498.40 1506.93 4.27 2.60 81.79 84.84 80.82
6 1794.97 1811.73 −4.11 5.11 78.74 81.79 77.77
7 2031.80 2048.87 −67.82 5.20 78.74 77.22 76.73
8 2336.60 2353.67 0.00 5.20 70.87 77.22 68.85
9 2641.40 2658.47 0.00 5.20 78.74 69.34 66.35
10
11
12
13
14
15
16
17
18
19
20 6832.40 6832.70 – 0.09 53.59 95.76 50.34
21 7128.97 7145.73 0.00 5.11 58.42 52.07 50.05
22 7442.00 7450.53 4.11 2.60 66.29 56.90 53.91
23 7747.10 75.44
24 8060.13 66.29
25 8170.47 66.29
26 8475.27 69.34
27 8788.30 73.91
28 9084.87 78.74
29 9397.90 81.79
30 9711.23 89.66
22 C. Amer-Yahia, T. Majidzadeh / Case Studies in Nondestructive Testing and Evaluation 2 (2014) 14–26Fig. 11. Distribution on concrete cover for dowel bars.
– Vertical Translation or Concrete Cover in mm given by Eq. (5)
– Horizontal Translation in mm given by Eq. (6)
– Longitudinal Translation (or inadequate embedment)
– Missing bars
Whenever there is inadequate embedment or a missed bar, an “X” is put in the corresponding table cell.
6. Statistical analysis
GPR was used to evaluate alignment and position of approximately 115,000 dowel bars and over 54,000 tie bars on 
a two-lane jointed plain concrete pavement section. Statistical analyses of the principal misalignment types (e.g. concrete 
cover, horizontal skew and vertical tilt) are performed for the entire project. These analyses include the mean, standard 
deviation and distribution.
6.1. Concrete cover
Dowel bars were to be embedded at a depth of 101.60 mm in the 203.20 mm concrete slab, with the top of the bar 
being at approximately 85.73 mm from the surface of the slab. The variability of concrete cover can be the result of using 
dowel baskets of incorrect heights or the placement of pavement that is thicker (or thinner) than speciﬁed [3].
The average measured concrete cover over the dowel bars is 74.68 mm and the standard deviation is 13.46 mm. The 
measured dowel bar concrete cover distribution is presented in Fig. 11. Although close to 70% of the dowel bars are within 
the (67.82 to 114.30) mm depth range, 2.6% of the bars have a concrete cover of 50.8 mm or less, and about 29% of the 
bars are at a depth that is less than or equal to the saw-cut depth (67.82 mm). According to NCHRP recommended tolerance 
criteria, sections where concrete cover (measured from the top of the dowel to the top surface of the pavement) is less than 
the saw-cut depth should be rejected.
The average measured concrete cover over the tie bars is 74.93 mm and the standard deviation is 15.75 mm. The 
measured tie bar concrete cover distribution is shown in Fig. 12. Tie bars were to be embedded at mid-depth of the 203.20 
mm concrete slab. The distribution of the concrete cover shows close to 78% of the bars are within the depth range of 
67.82 to 114.30 mm. However, 22% of the tie bars are candidates for rejection since their depth is less than or equal to the 
saw-cut depth.
6.2. Horizontal skew
The horizontal skew, given in millimeters per meter, is computed as the deviation of the dowel bar from the longitudinal 
axis over one meter of the dowel. The horizontal skew can be zero, positive, or negative depending on the inclination of the 
dowel bar. Absolute values were used to determine the average horizontal skew while actual values were used for standard 
deviation analysis.
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Fig. 13. Distribution of horizontal skew for dowel bars.
The average absolute horizontal skew is 29.17 mm per m and the standard deviation is 35.27 mm per m. Fig. 13 shows 
the horizontal skew distribution for all dowel bars. Only 31.13% of the dowel bars have a horizontal skew less than or equal 
to 27.76 mm per m, within the NCHRP recommended acceptance criteria.
The measured tie bar horizontal skew distribution is presented in Fig. 14. The average absolute horizontal skew is 
59.88 mm per m and the standard deviation is 53.31 mm per m. More than 92% of the tie bars do not meet the rec-
ommended NCHRP acceptance criteria.
6.3. Vertical tilt
The vertical tilt is determined as the vertical deviation of the dowel bar from the longitudinal axis. The tilt can be 
negative, zero, or positive, depending on the direction of the inclination of the dowel bar with respect to the surface of the 
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Fig. 15. Distribution of vertical tilt for dowel bars.
concrete slab. Just like the horizontal skew, the absolute values were used for mean analysis, and the actual values were 
used for standard deviation analysis.
Fig. 15 shows the distribution of the vertical tilt for dowel bars. The average absolute vertical tilt is 13.32 mm per m and 
the standard deviation is 20.83 mm per m. About 91% of the dowel bars have vertical tilt less than or equal to 27.79 mm 
per m, within the recommended NCHRP acceptance criteria.
The measured tie bar vertical tilt distribution is shown in Fig. 16. The average absolute vertical tilt for all bars is 
18.34 mm per m with a standard deviation of 31.66 mm per m. More than 85% of the tie bars have a vertical tilt less 
than or equal to 27.79 mm per m, within the recommended NCHRP acceptance criteria.
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7. Conclusions
The measurement of misalignment of close to 115,000 dowel bars in more than 3800 transverse joints, and over 54,000 
tie bars, conducted on US Route 64/87 highway using GPR, indicated the following levels of misalignment.
– Horizontal skew: less than 27.79 mm per m (31.1% of dowel bar and only 7.6% of tie bars).
– Vertical tilt: less than 27.79 mm per m (91% of dowel bars and 85% of tie bars).
These levels of misalignment are within the recommended NCHRP acceptance criteria, and generally have no signiﬁcant 
effect on pavement performance.
Statistical analyses showed that 70% of the dowel bars are within the depth range of 67.82 to 114.30 mm, while 29% 
have a concrete cover of 67.82 mm or less. Although 78% of the tie bars are within the depth range of 67.82 to 114.30 mm, 
22% of them are at a depth that is less than or equal to the saw-cut depth.
A total of 1245 dowel bars and 1979 tie bars were reported missing, and 1470 dowel bars and 95 tie bars were signiﬁ-
cantly shifted to one side of the joint.
Misalignment results were determined for each dowel bar and for each tie bar and reported in Excel spreadsheets in 
5000 pages. Given that locating a particular dowel bar or tie bar on a 5000 page report is daunting, results and locations of 
all the bars were also reported on a single page Excel spreadsheet such that locating “out of tolerance” pavement sections 
is immediate.
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